[1] This paper describes results of the second part of a study on stratification effects by cohesive and noncohesive sediment. Winterwerp (2001) applied classical stratified flow theory implemented in a one-dimensional vertical numerical model (the 1DV POINT MODEL), showing that sediment-induced stratification effects may occur at already fairly small suspended sediment concentrations (i.e., a few 100 mg/L). We also discussed a basic difference between the behavior of cohesive and noncohesive sediment, which emerges as a result of the large water content of mud flocs. In this paper we elaborate further on the hydrodynamic description of the transport of fine suspended sediment by analyzing field and laboratory observations over a very large range of concentrations. We propose a sediment stability diagram to explain some features of hyperconcentrated flows, such as those observed in the Yellow River. We show that the behavior of hyperconcentrated flows is affected largely by hindered settling effects reducing the energy required to keep the sediment in suspension. The hydrodynamic description of sediment transport is used to predict capacity conditions as a function of a dimensionless stream power, i.e., U 3 /hgW s . This prediction agrees favorably with observations reported in literature covering four orders of magnitude in suspended sediment concentration. 
Introduction
[2] Winterwerp [2001] discusses stratification effects induced by the interaction between suspensions of finegrained cohesive and noncohesive sediment with the turbulent flow in estuarine and coastal environments. A concise literature review revealed that this interaction may cause an appreciable modification of the vertical profiles of velocity, vertical eddy viscosity/diffusivity and Reynolds stresses. This interaction was further studied with a one-dimensional vertical numerical model (1DV POINT MODEL), which includes the standard k-e turbulence model with buoyancy destruction terms. It is derived from the full three-dimensional model DELFT3D [e.g., Lesser et al., 2004] by stripping all horizontal gradients, except for the pressure gradient. Application of this model to the experimental results by Coleman [1981 Coleman [ , 1986 showed that the measured changes in the velocity profile can be explained entirely by sedimentinduced buoyancy effects, as hypothesized by Vanoni [1946] . Moreover, it was shown these effects are not limited to the wall region (through a modification of the Von Kármàn constant) or the outer region (through a modification of the defect law parameters) of the boundary layer, but are manifest throughout the entire water column.
[3] It was argued that when the carrying capacity of a turbulent flow laden with noncohesive sediment is exceeded, a new equilibrium at a lower sediment load is formed rapidly as the depositing grains form a rigid bed immediately, at which full turbulence production is possible. This phenomenon is treated in all classical textbooks on sediment transport [Raudkivi, 1976; Graf, 1977] . However, for cohesive sediment a different picture emerges as the depositing cohesive sediment flocs form a fluid mud layer on the bed because of the floc's high water content. Thus a two-layer fluid system develops in which the lower layer is the denser one. As most of the turbulence is produced in the lower layer by bed friction, significant buoyancy-induced damping of the vertical mixing processes occurs, decreasing the carrying capacity further. This positive feed back results in a catastrophic collapse of the turbulence field and the concentration profile, which was referred to as saturation, and the corresponding concentration is referred to as the saturation concentration c s . A scaling law for this saturation behavior was derived from classical stratified flow theory. This scaling law was confirmed through a series of numerical experiments with the 1DV POINT MODEL. Also the suspended sediment concentrations observed in the Yellow River were predicted to the right order of magnitude. It was concluded that at already fairly low suspended sediment concentrations appreciable stratification is generated by sediment-induced buoyancy effects, for example, already at a few 100 mg/L.
[4] The concept of saturation is based on the observation that a turbulent shear flow collapses when the flux Richard-son number Ri f (which can be regarded as the ratio between the energy required to mix sediment over the water column and the available kinetic (mixing) energy provided by the flow; hence Ri f can be regarded as an efficiency parameter for vertical mixing) exceeds a critical value Ri cr [Turner, 1973] . Ri f was further elaborated, assuming a logarithmic velocity profile and local equilibrium between settling and mixing. The effects of hindered settling, as modeled by Richardson and Zaki [1954] were included as well. Then, to first order Ri f can be written as:
in which g is the acceleration of gravity, r w is the density of water, r s is the density of sediment, r is the bulk density of the sediment-water mixture, h is the water depth, W s is the settling velocity of a single sediment particle in still water, u * is the shear velocity, and f is the volumetric sediment concentration, defined as f = c/c gel , where c is the mass concentration of the suspended sediment and c gel its gelling concentration, i.e., the concentration at which the suspension forms a space-filling network. The factor between parentheses in (1) accounts for the effects of hindered settling according to Richardson and Zaki [1954] . Intuitively it is anticipated that capacity conditions are met when Ri f becomes critical over the entire water depth. This assumption is sustained by the analysis of data in the Amazon mouth by Trowbridge and Kineke [1994] , showing a more or less constant Richardson number at capacity conditions. Thus a relation for the saturation concentration C s , which is the depth-averaged value of the local saturation concentration c s was derived [see Winterwerp, 2001] :
where K s is a proportionality factor (K s r/D = O{0.1 -1} [e.g., Winterwerp and Van Kesteren, 2004] , D is the relative sediment excess density (D = (r s À r w )/r s ), U is the depthaveraged flow velocity and w s is the effective settling velocity, including the effects of hindered settling. Hence UC s is a measure for the sediment transport capacity of the turbulent flow. In fact, the scaling law for saturation (2) is almost identical to Bagnold's [1966] sediment transport formula (see also section 4).
[5] Relation (1) is plotted in the stability diagram of Figure 1 . One can distinguish between subsaturated and supersaturated conditions, i.e., when Ri f < Ri cr and Ri f > Ri cr , respectively. In the left-hand side of the diagram, at very small concentrations (sediment load), sedimentinduced buoyancy effects are not important. At larger concentrations, but still in the subsaturated regime, sediment-induced buoyancy effects become important affecting vertical mixing, hence the vertical concentration and velocity profiles. When the concentration increases further, given a particular flow field, capacity conditions are exceeded and the suspension gets saturated, followed by a collapse of the turbulence field.
[6] At much larger concentrations, subsaturated conditions are reestablished, as the vertical sediment flux decreases because of hindered settling effects. This regime is referred to as the hyperconcentrated regime. Thus four regimes are identified in Figure 1: (1) supersaturated conditions (Ri f > Ri cr ); that is, the turbulent flow is unstable and cannot carry the sediment load available; (2a) subsaturated, low-concentration suspensions at small Ri f numbers without sediment-fluid interaction; the amount of sediment carried by the flow is far below its capacity; (2b) subsaturated, high-concentration suspensions at large Ri f numbers, but below critical, with pronounced sediment-fluid interactions; the amount of sediment carried by the flow is at, or near its capacity, and (2c) subsaturated, hyperconcentration suspensions at large Ri f numbers, but below critical, with pronounced sediment-fluid interactions.
[7] This diagram can be used to analyze the behavior of sediment-laden flow in the case that either the amount of suspended sediment and/or the flow velocity increases or decreases. In the subsaturated, low-concentrated regime (2a), a sufficient increase in sediment concentration (f) (e.g., sediment load) and/or a decrease in flow velocity (from U 1 to U 2 ) will induce sediment-induced stratification effects, shifting the behavior of the suspension from regime 2a to 2b. A further increase in sediment concentration and/ or decrease in flow velocity may result in a collapse of the concentration profile and of the turbulent flow field (regime 1).
[8] The behavior of sediment-laden flows at hyperconcentrated, subsaturated conditions (2c) is completely different. In this region, an increase in sediment load (f) results in a stabilization of the flow, as Ri f decreases with f. As moreover the suspension's density increases with f, the driving forces on the sediment-laden flow increase. This explains why turbidity currents, which can be regarded as a manifestation of this regime, can be so persistent and devastating. We will see that this is also the case for the Yellow River and its tributaries in the hyperconcentrated regime. [9] A decrease in flow velocity (from U 1 to U 2 ) in this region, as a result of for instance channel divergence and/or decreasing river flow, may also have a devastating effect. As the capacity conditions scale with U
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, and the (volumetric) sediment concentration is large, a decrease in flow velocity may lead to ''freezing'' of the turbulent suspension. This disturbance propagates upstream, blocking the flow rapidly. This phenomenon is known from slurry transport through pipes and has been observed in tributaries of the Yellow River as well [Xu, 1999a [Xu, , 2003 .
[10] In this paper we elaborate further on this hydrodynamic approach of sediment-laden flow and present some examples of application, covering a wide range of conditions with concentrations varying between a few 100 mg/L to about 1,000 g/L. First, in section 2 we discuss the behavior of sediment-laden flow in the lower-concentration regime, and in section 3 in its higher regime. Section 4 contains a synthesis in which the entire concentration regime is integrated. This paper is finalized in section 5 with a discussion on the applicability of the hydrodynamic approach to analyze the behavior of sediment-laden flow.
Applications in the Lower-Concentration Regime
[11] In this section we analyze the behavior of sedimentladen flow in the lower-concentration regime. First, we discuss results from laboratory experiments, where after more natural systems are treated.
[12] Cellino and Graf [1999] measured the mean and fluctuating velocity components and suspended sediment concentration acoustically at a frequency of 39 and 16 Hz, respectively, in a flow laden with noncohesive sediment through a 16.8 m long and 0.6 m wide tilting flume. The flow depth was kept constant at 0.12 m and the flow velocity was varied between 0.73 and 0.85 m/s. Experiments were carried out in clear water and at varying sediment loads until capacity conditions. The median diameter of the suspended sediment amounted to 135 mm, whereas 4.8 mm sand grains were glued to the flume bottom. Only in the case of capacity conditions (see below) fine sediment deposited on the bottom. Cellino and Graf were able to measure vertical profiles of the mean flow velocity and suspended sediment concentration profiles, and of the turbulent kinetic energy, Reynolds stress and eddy viscosity as a function of the sediment load.
[13] The results of these benchmark experiments have been used for a further analysis of the interaction of suspended sediment and the turbulent flow field, using the 1DV POINT MODEL. In particular, the experimental series CW and SAT at respectively clear water and capacity conditions have been analyzed (see Table 1 ).
[14] The equivalent sand roughness height k s for clear water was set to Cellino and Graf's [1999] experimental value; for saturated conditions, the same value was used, assuming that the 1DV POINT MODEL predicts the effects on bed roughness of the larger flow velocity and suspended sediment load properly. The computed vertical profiles of flow velocity, relative suspended sediment concentration and relative eddy viscosity (see Table 1 for parameter settings) are compared with the experimental data in Figures 2-4. It is shown that the 1DV POINT MODEL predicts that the buoyancy effects result in a slight decrease in the slope of the velocity profile in defect form, contrary to the observations. However, it is noted that Graf and Cellino [2002] present other series of experimental results, which show the computed trend. This computed trend also agrees with the data by Coleman [1981 Coleman [ , 1986 e.g., Winterwerp, 2001] . At this moment we have no explanation for this anomalous behavior.
[15] The computations show a small, but systematic decrease in eddy viscosity with increasing sediment concentration ( Figure 3 ). This is more or less in agreement with the observations, though in absolute terms, the agreement between computed and measured values is not perfect. In particular, the data appear to be more skewed than the computational profile, which is still more or less parabolic. The agreement between the computed and observed vertical concentration profile (Figure 4) is reasonable, though not perfect either, which of course is due to the differences between computed and observed flow parameters. It is noted that Cellino and Graf [1999] found capacity conditions at their SAT conditions, i.e., at C 0 = 3.9 g/L (where C 0 is the initial depth-averaged concentration, denoted as C s for saturation conditions). However, the 1DV POINT MODEL predicts saturation, i.e., capacity conditions at much larger values, i.e., of the order of C s = 15 g/L.
[16] In the 1DV POINT MODEL, the standard k-e turbulence model is used, with standard coefficients. In particular, the turbulent Prandtl-Schmidt number is kept constant at s T = 0.7 (where s T = v z /G z , with G z = eddy diffusivity). However, the experimental data suggest a considerable increase in s T with increasing C 0 . For instance, for the SAT experiments, Cellino and Graf [1999] found a depth-averaged value of s T = 2. Therefore the 1DV POINT MODEL was run for s T = 2 as well, the results of which are also presented in Figures 2 -4 . It is shown that the effect on vertical profiles of velocity and eddy viscosity is not large. The effect on the eddy diffusivity, however is large, of course (results not shown), and also a pronounced effect on the concentration profile is shown -in fact the agreement between predictions and observations has improved considerably. With this higher Prandtl-Schmidt number, saturation (capacity conditions) is computed at about C s % 5 g/L, i.e., close to the value reported by Cellino and Graf [1999] .
[17] In section 4 the effect of the Prandtl-Schmidt number on the capacity conditions and its rationale is further elaborated. Here we conclude again that the behavior of flows laden with fine sediment can be analyzed properly with the hydrodynamic approach implemented in the 1DV POINT MODEL.
[18] A natural example of a sediment-driven gravity flow at low/moderate concentrations can be seen on the aerial photograph in Figure 5 of the Port of Zeebrugge situated along the Belgium coast. This photograph was taken on 18 October 1993 between 14:00 and 15:00 hrs, i.e., 1 to 2 hours before high water; the tidal range that day amounted to about 5.2 m. The flow in this phase of the tide is north (to the left in Figure 5 ), with an estimated velocity of about 1 m/s [Royal Navy, 1986] . The hydro-sedimentological conditions at the North Sea are in the lower-concentration regime (2a), i.e., in the left part of the stability diagram of Figure 1 .
[19] The water temperature is not known. However, the air temperature in the month prior to the photograph varied between 10°and 20°C, decreasing to 3°-10°C in the last week before the photo. This implies that if temperature differences between harbor basin and surrounding North Sea would exist, the basin most likely would be the cooler of the two.
[20] From this information, the following picture can be deduced. The tide is still rising, hence there should be a net inflow of water through the harbor entrance. As the surface area of the basin is about 7 km 2 , and the cross section of the entrance measures about 650 Â 15 m 2 , the mean tideinduced velocity of the inflow through the entrance is about 0.1 m/s at this phase of the tide. However, at the water surface we observe a front with a distinct outflow. This is This exchange flow is generated by density currents, induced by the horizontal gradients in suspended sediment concentration across the harbor entrance (note that no fresh or warm water is released in the basin and possible temperature-induced density gradients would generate outflow at the water surface, as reasoned above).
[21] The outflow at the water surface should have a velocity of about 0.1 m/s to just counterbalance the tidal filling effect. Let us assume double critical flow conditions in the entrance, as observed in classical lock exchange experiments, and zero sediment concentration in the water column within the harbor. Then the velocity of such exchange flows can be computed from u % 0.5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi Drgh=r p [e.g., Barr, 1967] , in which Dr is the density difference between the water in the basin and at sea and h is the depth of the entrance. Using the estimated velocity of about 0.1 m/ s, this yields a suspended sediment concentration at sea of about 0.4 g/L, which is in the range of the observed values of several hundreds of mg/L [Bastin et al., 1984] . Therefore it is concluded that, at the time the photograph was taken, a two-layered system existed in the harbor entrance with some outflow in the upper layer and a significant (U > 0.2 m/s) inflow of sediment-laden water in the lower layer. The sediment in the lower layer spreads more or less evenly throughout the basin, settles and contributes to the large volumes of sediment that have to be dredged annually to safeguard navigation.
[22] Apparently, suspensions at relatively low concentrations may generate considerable density currents, as anticipated from our analysis of the stability diagram of Figure 1 : low-concentrated subsaturated sediment-laden flow may develop into high-concentration flows when the flow velocity decreases sufficiently. Sediment-induced stratification effects start to play a role, and even saturation may occur if the flow velocity decreases enough (i.e., the suspension evolves from regime 2a to 2b to 1, Figure 1) . This is what is happening to the suspension on the North Sea in Figure 5 , when it enters the enclosed basin of the Port of Zeebrugge.
[23] This behavior is further illustrated through a simulation of the sediment transport in the Maasmond area, i.e., the entrance to the Port of Rotterdam, Netherlands (see Figure 6a ) with a full three-dimensional hydrodynamic and sediment transport model (i.e., the DELFT3D system). The computations were carried out with and without sedimentfluid interaction (i.e., sediment-induced buoyancy effects in the turbulence model, hindered settling and baroclinic pressure effects in the momentum equations; see Winterwerp and van Kessel [2003] for details). Results of tide-averaged suspended sediment concentrations in the lower layer of the computational grid are presented in Figure 7 .
[24] The large differences in suspended sediment concentration result in large differences in computed sediment fluxes (hence siltation rates) in the Maasmond area, as depicted in Table 2 . The cross sections at which the fluxes have been computed are indicated in Figure 7 (right). This table shows that the net calculated flux over a tidal cycle through cross section 1, Maasmond mouth, almost triples when sediment-induced buoyancy effects are taken into account. This is the result of an increase in both the gross import and gross export, though the increase in import is the larger of the two. The major differences between the two simulations are found in the lower layers: in the case of inclusion of sediment-fluid interaction, the concentration profile becomes highly stratified, forming a layer of fluid mud in the harbor basins.
[25] These computations have been performed with an inflow concentration at the model boundaries of 100 mg/L. This is a characteristic value for windy winter conditions. Table 2 implies that after a storm siltation rates of 200,000 to 300,000 m 3 (assuming deposit densities of about 1200 to 1300 kg/m 3 ) can be expected in the port area, values which indeed have been observed [Verlaan and Spanhoff, 2000] .
[26] For typical summer conditions, with a boundary concentration of 10 to 50 mg/L, the effect of sediment-fluid interaction on the sediment fluxes was computed at 10% only. As the sediment-fluid interactions are highly nonlinear, it may be expected that the increase in sediment flux would increase rapidly when the suspended sediment concentration at sea increases to several 100 mg/L, values which have been measured in the Dutch coast under longlasting storm conditions.
Applications in the Hyperconcentration Regime
[27] In this section we elaborate on the conditions in the right-hand part of Figure 1 , i.e., the hyperconcentration flow regime (2c). An obvious candidate for further studies is the Yellow River, though it is anticipated that many turbidity currents, debris flows and slurries in pipelines fall within this category as well.
[28] The annual mean river flow in the Lower Yellow River decreased from about 1630 m ]. Under high-flow conditions, the river is heavily laden with very fine sediment (loess) originating from the Loess Plateau in the middle reach of the river, to the extent that hyperconcentration conditions may occur. The mean annual sediment load at Samenxia has reduced from 1.6 Á 10 9 ton to about 0.8 Á 10 9 ton, yielding a decrease in annual mean suspended sediment concentration from about 80 g/L to about 38 g/L, with maximum values up to 911 g/L [Wang and Xu, 1999; Xu, 1999a] . In some tributaries, concentrations up to 1500 g/L have been reported [e.g., Chien and Wan, 1999] .
[29] We apply the 1DV POINT MODEL in the same way as was done by Winterwerp [2001] ; that is, the initially homogeneously distributed sediment concentration in open channel flow at uniform conditions is altered in small steps until saturation occurs, starting from subsaturated conditions. This time, however, we decrease the initial concentration to obtain saturation conditions, anticipating on the stability diagram of Figure 1 .
[30] The evolution with time of the vertical concentration profile and the hydrodynamic parameters is computed and the concentration profiles are visualized in the form of isolutals (i.e., lines of constant sediment concentration). The initial concentration is changed in small steps until the concentration and flow profile collapse. The concentration just prior to this collapse is referred to as the saturation concentration, or capacity load.
[31] The various model settings are summarized in Table 3 . The hypothetical channel has a depth of 5 m, and the mean flow velocity is set at 1 m/s. These values are more or less characteristic for the Yellow River. The median grain size is set at 30 mm and D 90 at 100 mm, so that the Wang, 1994; Xu, 1999a] . All sediment remains in the computational domain; that is, no erosion from or deposition on the riverbed occurs.
[32] The results presented in Figures 8a -8c (note different concentration scales) are typical for Yellow River conditions. Figure 8a and b show the isolutals for an initial depthaveraged concentration of C 0 = 975 and C 0 = 965 g/L, respectively. Saturation now occurs when the sediment concentration is decreased, as anticipated in section 1. Note that the equivalent saturation concentration in the highconcentration regime (2b) amounts to C 0 = 2.4 g/L, the results of which are not shown here.
[33] The effect of the buoyancy destruction term in the k-e model is illustrated in Figure 8c , showing computational results without coupling (i.e., no sediment-induced buoyancy term in the k-e equation), but with hindered settling effects, revealing an almost homogeneous concentration profile (compare with Figure 8b ).
[34] The effect of concentration and buoyancy is further illustrated in Figures 9 and 10 , showing the computed vertical velocity and eddy viscosity profiles. In the uncoupled case, a common logarithmic velocity profile and parabolic eddy viscosity profile are computed. For near-saturation conditions (coupled, C 0 = 975 g/L), the eddy viscosity decreases rapidly, and a stratified flow system occurs in which the near-surface flow appears to accelerate to large velocities. In the saturated case, the viscosity becomes virtually zero, and the velocity profile becomes parabolic as for laminar flow [e.g., Chien and Wan, 1999] . It is noted that the standard k-e model is no longer valid for these conditions, as low-Reynolds, nonNewtonian and soil mechanical effects start to play a role. Yet, the laminar flow profile obtained seems reasonable and agrees with observations [e.g., Chien and Wan, 1999] .
[35] In comparison to the high-concentration regime [e.g., Winterwerp, 2001 ] (e.g., section 2), the timescale of collapse is very large, i.e., of the order of months. This is due, of course, to the very small settling velocity, reduced by hindered settling to about 0.04%-1% of the nonhindered settling value (i.e., (0.03 -9).10 À6 m/s). Hence such suspensions can be very persistent. Moreover, these suspensions become more stable, as said, when they pick up sediment through erosion, because if the sediment concentration increases, the suspension moves away from the saturation point in the stability diagram, and upon entraining more sediment, the suspension's driving force increases, accelerating the current. It is noted that the capacity of a hyperconcentration suspension to erode its bed is not as large as one would expect because of two effects: (1) the permeability of the loess soil is very small, so that water can replace eroding sediment particles only at a slow rate, and (2) erosion of the underlying bed is retarded because water cannot flow easily from the suspension into the bed. This phenomenon is referred to as hindered erosion. The erosion rate decreases by a factor (1 À n À f)/(1 À n), where n is the bed's porosity [e.g., Winterwerp et al., 1992] .
[36] However, erosion of the riverbank is easier because of breaching and massive failure of the banks. Large boulders are easily suspended by the silt-laden flow, with excess bulk densities of several hundred kg/m 3 .
[37] We conclude that our hydrodynamic approach can explain a number of features typical for the Yellow River. However, a full understanding and proper modeling will Figure 7 for definition cross sections.
C05012 WINTERWERP: STRATIFICATION EFFECTS BY FINE SEDIMENT require much more research. In particular, the following issues have to be addressed: (1) The effect of nonNewtonian behavior of the suspension, to account for the effects of very high suspended sediment concentrations on the stress-strain relations, in particular near the bed (amongst these are the effects of grain-grain interactions.); (2) soil mechanical influence on the bed stability to account properly for water-bed exchange processes and bank instability; and (3) interaction of the flow with its bed, for example, the highly dynamic morphological behavior of the river, which may result in changes in thalweg and river cross sections, even within one flood. These items are subject of further research. that at high-concentration and hyperconcentration conditions the same sediment-water interaction processes play a role, though at different scale. However, in the case of hyperconcentration conditions, water-bed exchange processes may be affected by mass erosion and hindered erosion processes. This is subject of further studies and beyond the scope of the current paper.
Integration of the Concentration Regimes
[39] Figure 11 presents data by Xu [1999b] , based on observations from natural rivers, mainly the Yellow River and its tributaries, irrigation channels and laboratory flumes. These data comprise sediment in the range from silt to fine sand, though no details are given by Xu, and cover almost four orders of magnitude in suspended sediment concentration. Also Bagnold's [1966] transport formula is plotted in this graph, which is given by:
Here q s is the specific suspended load transport, e b and e s are efficiency factors (0.1 < e b < 0.2 and 0.01 < e s < 0.02) and t b is the bed shear stress. If we assume a Chézy coefficient C = 60 m 1/2 /s, equation (3) yields C s % kU 3 /ghW s , in which k varies between $0.03 and $0.09 as a result of the variations in efficiencies e b and e s (see Figure 11 ).
[40] Bagnold's transport formula is known to describe the transport of fine suspended sediment in riverine systems fairly accurately. As the envelope of this formula, given by the range in k values, matches the lower left data given by Xu [1999b] in Figure 11 quite well, we may conclude that Xu's data are in agreement with other river data. It is noted that in particular for k = 0.03, Bagnold's formula fits Xu's low-concentration data very well.
[41] Next, equation (2) is applied and compared with the data by Xu [1999b] . For this purpose, the 1DV POINT MODEL is run to establish K s . This has been done for the conditions given in Table 3 , but in the high-concentration regime (regime 2b), resulting in a saturation concentration C s = 2.4 g/L, yielding K s = 5.9 Á 10
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. This value has been substituted into equation (2), together with the effects of hindered settling according to Richardson and Zaki [1954] , in which the gelling concentration was set at c gel = 1600 kg/m 3 . The saturation concentration C s , computed with equation (2) and said K s , is plotted against the dimensionless stream power U 3 /ghW s in Figure 12 , together with Xu's data. The agreement between the theoretical curve of equation (2) and the data is remarkable, though the actual saturation concentration (capacity) is overpredicted a bit, in particular at the lower concentrations.
[42] In a next numerical experiment, the Prandtl-Schmidt number in the 1DV POINT MODEL is increased to s T = 2.0, as suggested by the data from Cellino and Graf [1999] and discussed in section 2. In this case a saturation concentration of C s = 0.9 g/L for Table 3 , regime 2b conditions is found as shown in Figures 13a and 13b . The 1DV model then yields K s = 2.2 Á 10 À5 which value is used to plot equation (2) again in Figure 12 . The agreement at lower concentrations is now excellent, but in the hindered settling regime (supersaturation regime), the agreement becomes a little less. Note that an increase in s T can be interpreted as a decrease in mixing efficiency, as the flow's carrying capacity decreases because of a decrease in vertical mixing, which in this case corresponds to a decrease in Ri cr by about 2/3.
Discussion and Conclusions
[43] We have shown that the behavior of sediment-laden flow in both the high-concentrated and hyperconcentrated regimes is governed by the same stratification effects, and that these effects can be analyzed and quantified with classical stratified flow theory. The difference of behavior in these regimes is caused by hindered settling effects which reduce the energy required to keep the sediment in suspension with increasing concentration.
[44] Sediment-laden flows in the high-concentrated and hyperconcentrated regime have been simulated with a standard hydrodynamic model, in which the standard k-e turbulence closure model with buoyancy destruction is implemented. The results of these simulations appeared to be sensitive to the value of the turbulent Prandtl-Schmidt number (also known as the ''b coefficient'' in sediment transport literature). It is noted that there exists quite some controversy on the value of s T , a concise summary of which has recently been presented by Nielsen and Teakle [2004] . They conclude that for fine sediment over a flat bed s T seems to increase with respect to neutral conditions, whereas for coarser sediment over beds with bed forms, s T is always observed to decrease with increasing grain size; that is, the efficiency of mixing would increase. The latter response is elaborated by Nielsen and Teakle [2004] through an expansion of the mixing length theory. Also Nezu and Azuma [2004] found a decrease in s T with increasing grain size, but they attributed this to grain-grain interactions.
[45] However, in the present study we focus on suspensions of fine sediment that obey single-phase descriptions. In that case, an increase in Prandtl-Schmidt number with increasing sediment concentration is in agreement with the observations in the preceding paragraph. This is also plausible from a physical point of view. It has been known for a long time that in stratified flows, the turbulent exchange of matter is more damped than that of momentum [e.g., Turner, 1973] , as internal waves transport momentum, but not matter. Moreover, as the sediment particles grow in size, they are less able to follow the turbulent water movement [Uittenbogaard, 1995a [Uittenbogaard, , 1995b Muste and Patel, 1997] . This would imply that the Prandtl-Schmidt number should at least become a function of the local flux Richardson number Ri f and the Rouse number b (= W s /ku * ), hence cannot be kept constant.
[46] It is further noted, that, in particular for coarser material, the diffusion concept (and the k-e model) may fail to be valid. Moreover, we have not accounted for a variety of processes, such as the energy required to mobilize sediment from the bed, the energy loss by grain-grain interactions, the changes in effective bed friction (the horizontal axis of Figure 12 should preferably contain the shear velocity instead of a depth-mean velocity), etc. Finally, it is noted that for tidal flow conditions slightly different scaling laws can be derived [Winterwerp, 2002] .
[47] In spite of all these limitations and nuances, the results of the hydrodynamic approach of sediment transport are promising. Even in situations where saturation, as proposed in this study, may not occur actually, or only under restricted conditions [e.g., Winterwerp, 2001] , there is ample evidence that the behavior of sediment-laden flow may be affected strongly by buoyancy effects, even at fairly low suspended sediment concentrations, as low as the order of 100 mg/L. The hydrodynamic approach proposed herein allows a framework to classify the behavior of sedimentladen flow and explain its behavior over a wide range of conditions, not only in natural systems, but most likely also in engineered systems, such as slurries through pipelines. In the latter case, the effects of turbulence production at the pipe wall have to be accounted for. Note that basically only four processes have to be accounted for to model the effects described in this paper: (1) augmented bulk density by suspended sediment in the equation of state, (2) a sediment-induced buoyancy destruction term in the turbulence closure equation, (3) hindered settling in the sediment balance equation, and (4) a baroclinic pressure contribution in the horizontal momentum equation. A next step to improve the physical description of hyperconcentrated flow and its modeling is to account for low Reynolds effects, non-Newtonian effects and the inclusion of soil mechanical theory to allow an implicit description of the processes at the water-bed interface. This is subject of ongoing research.
Notation
C 0 initial suspended sediment concentration, homogeneous over water depth. C s depth-averaged saturation concentration.
c suspended sediment concentration by mass. c gel gelling concentration.
c s local saturation concentration. 
